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Recently, the identification of Clnk, a third member of the SLP-76 family of adaptors expressed exclusively
in cytokine-stimulated hemopoietic cells, has been reported by us and by others. Like SLP-76 and Blnk, Clnk
was shown to act as a positive regulator of immunoreceptor signaling. Interestingly, however, it did not de-
tectably associate with known binding partners of SLP-76, including Vav, Nck, and GADS. In contrast, it
became complexed in activated T cells and myeloid cells with an as yet unknown tyrosine-phosphorylated
polypeptide of ;92 kDa (p92). In order to understand better the function of Clnk, we sought to identify the
Clnk-associated p92. Using a yeast two-hybrid screen and cotransfection experiments with Cos-1 cells, evidence
was adduced that p92 is HPK-1, a serine/threonine-specific protein kinase expressed in hemopoietic cells.
Further studies showed that Clnk and HPK-1 were also associated in hemopoietic cells and that their
interaction was augmented by immunoreceptor stimulation. A much weaker association was detected between
HPK-1 and SLP-76. Transient transfections in Jurkat T cells revealed that Clnk and HPK-1 cooperated to
increase immunoreceptor-mediated activation of the interleukin 2 (IL-2) promoter. Moreover, the ability of
Clnk to stimulate IL-2 promoter activity could be blocked by expression of a kinase-defective version of HPK-1.
Lastly we found that in spite of the differential ability of Clnk and SLP-76 to bind cellular proteins, Clnk was
apt at rescuing immunoreceptor signaling in a Jurkat T-cell variant lacking SLP-76. Taken together, these
results show that Clnk physically and functionally interacts with HPK-1 in hemopoietic cells. Moreover, they
suggest that Clnk is capable of functionally substituting for SLP-76 in immunoreceptor signaling, albeit by
using a distinct set of intracellular effectors.

The activation of immune cells via antigen receptors or
receptors for the Fc portion of immunoglobulins (so-called
immunoreceptors) is a critical element of the normal immune
response (37, 42). Previous studies have shown that immuno-
receptor signaling is initiated by ligand-induced tyrosine phos-
phorylation of a short sequence present in these receptors,
named the immunoreceptor tyrosine-based activation motif.
This motif functions by orchestrating the recruitment and ac-
tivation of members of the Src, Syk/Zap-70, and Btk families of
cytoplasmic protein tyrosine kinases (PTKs) (4, 33). These
various PTKs mediate the tyrosine phosphorylation of several
cellular polypeptides in response to immunoreceptor stimula-
tion, including adaptors, such as LAT and SLP-76-related mol-
ecules, and enzymatic effectors, such as phospholipase C
gamma (PLC-g) and the exchange factor Vav (5, 36, 41). In
turn, these events trigger intracellular calcium fluxes, the Ras-
mitogen-activated protein kinase (MAPK) cascade, lipid me-
tabolism, and cytoskeletal reorganization, thereby leading to
activation of such transcription factors as NFAT and AP-1.
Ultimately, immunoreceptor signaling culminates in the induc-

tion of effector functions, including the production of interleu-
kin 2 (IL-2) or gamma interferon (IFN-g), cytolysis, and de-
granulation.

The SLP-76 family of adaptors comprises three members,
named SLP-76, Blnk, and Clnk (3, 12–14, 20, 43). These mol-
ecules possess a related primary structure, including, from the
amino terminus to the carboxy terminus, the following: (i) a
basic region; (ii) an acidic domain with sites of tyrosine phos-
phorylation and proline-rich regions known or presumed to be
involved in interactions with SH2 and SH3 domain-containing
effectors; (iii) an SH2 domain; and (iv) a short carboxy-termi-
nal extension of undetermined function. Whereas SLP-76 is
widely expressed in T cells, natural killer (NK) cells, platelets,
myeloid cells, and mast cells (6), the Blnk protein is contained
mostly in B cells (12, 13, 43). By opposition, Clnk appears to
accumulate exclusively in cytokine-stimulated hemopoietic
cells (3, 14). These include IL-2-induced T cells and NK cells
and IL-3-propagated mast cells and myeloid cells. Earlier stud-
ies demonstrated that SLP-76 physically interacts with signal-
ing molecules, such as the exchange factor Vav and the adap-
tors Nck, GADS, and Fyb/SLAP-130 (5, 36, 38). In a similar
way, Blnk associates with Vav, phospholipase C gamma (PLC-
g), Nck, and Grb2. As a result of these associations, SLP-76
and Blnk play critical roles in immunoreceptor-induced cal-
cium fluxes and Ras-MAPK activation, and they are required
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for the induction of effector functions. They are also essential
for T-cell and B-cell development, respectively (7, 16, 22, 30,
34).

There is considerably less information available regarding
the role of Clnk in immune cell signaling and activation. We
previously noted that unlike its relatives, Clnk does not detect-
ably associate with Vav, GADS, or Nck (3) (our unpublished
results). However, Clnk becomes complexed with an uniden-
tified 92-kDa tyrosine-phosphorylated protein (p92) upon an-
tigen receptor-induced activation of T cells or FcgRI-mediated
stimulation of myeloid cells. It was also observed that overex-
pression of Clnk in Jurkat T cells caused a pronounced in-
crease in antigen receptor-triggered activation of NFAT, AP-1,
and IL-2 promoter activity (3). Likewise, others reported that
enforced expression of Clnk in the rat basophil leukemia cell
line RBL-2H3 augmented FcεRI-triggered degranulation (14).
Hence, similar to its relatives, Clnk is likely to be involved in
the positive regulation of immunoreceptor signaling.

In this report, we have attempted to understand better the
role of Clnk in immunoreceptor-mediated signal transduction
by identifying the Clnk-associated p92. The results of our stud-
ies show that p92 is likely to be HPK-1, a serine/threonine-
specific protein kinase expressed in hemopoietic cells. More-
over, they indicate that Clnk cooperates with HPK-1 in order
to regulate positively immunoreceptor-mediated signaling
events.

MATERIALS AND METHODS

Cells. 5.32.5 (clone 2.5) is an IL-2-dependent CD4-positive antigen-specific
T-cell clone, and it was propagated in IL-2-containing medium as described
elsewhere (15). The IL-3-dependent mouse myeloid cell line B6SutA1 was grown
in RPMI 1640 supplemented with 10% fetal bovine serum (FBS), glutamine, and
antibiotics, as well as 5% WEHI-3B supernatant (as a source of IL-3). Cos-1 cells
were propagated in a minimal essential medium containing 10% FBS, glutamine,
and antibiotics. Parental Jurkat T-cells (clone E6.1), Jurkat Tag, and a SLP-76-
deficient variant of Jurkat (J14) (kindly provided by Art Weiss, University of
California in San Francisco) (44) were grown in RPMI 1640 medium supple-
mented with 10% FBS, glutamine, and antibiotics.

Antibodies. Affinity-purified anti-Clnk antibodies were described elsewhere
(3). Polyclonal antibodies directed against mouse SLP-76 were produced by
immunizing rabbits with a bacterial fusion protein encompassing amino acids 158
to 235 of the mouse SLP-76 protein (20). Both anti-Clnk and anti-SLP-76
antibodies react with sequences positioned outside their SH2 domain. Anti-
HPK-1 antibodies were also generated in rabbits, using fusion proteins contain-
ing either amino acids 451 to 491 (serum #208) or amino acids 321 to 360 (serum
#211) of the mouse HPK-1 sequence (23). Polyclonal rabbit anti-Lck antibodies
were described previously (1). Anti-FLAG monoclonal antibody (MAb) M2 and
antiphosphotyrosine MAb 4G10 were purchased from Sigma (Oakville, Ontario,
Canada) and Upstate Biotechnology (Lake Placid, N.Y.), respectively. Antihem-
agglutinin (anti-HA) MAb 12CA5 was described elsewhere (2).

cDNAs and constructs. Mouse cDNAs encoding Clnk, wild-type HPK-1, ki-
nase-defective HPK-1 (lysine 46 to glutamate 46 [K46E] mutant), HA-tagged
HPK-1, and Lck were described elsewhere (3, 23). A mouse slp-76 cDNA was
kindly provided by Gary Koretzky (University of Pennsylvania, Philadelphia)
(20). Constructs encoding glutathione S-transferase (GST) fusion proteins en-
compassing the SH2 domain of Clnk (either wild-type or arginine 335 to lysine
335 mutant) or SLP-76 were produced by PCR. cDNAs producing versions of
Clnk and SLP-76 bearing a FLAG epitope at the amino terminus were also
generated by PCR. All constructs were verified by sequencing to ensure that no
unwanted mutation was introduced in the process of their creation (data not
shown). For expression in Cos-1 cells and Jurkat T cells, cDNAs were cloned
either in pXM139 (for Clnk, SLP-76, and Lck) or in pMT2 (for HPK-1).

Cell stimulation. Clone 2.5 was activated via the T-cell antigen receptor
(TCR) by stimulation for 3 min at 37°C in the presence of anti-CD3 MAb
145-2C11 and rabbit anti-hamster immunoglobulin G (IgG). B6SutA1 was acti-
vated via FcgRI by incubation for 3 min at 37°C with mouse IgG2a followed by

F(ab9)2 fragments of sheep anti-mouse IgG. After stimulation, cells were lysed in
TNE buffer (13 TNE is 50 mM Tris [pH 8.0], 1% Nonidet P-40, 2 mM EDTA)
supplemented with protease and phosphatase inhibitors as detailed elsewhere
(10).

Immunoprecipitations and immunoblots. For immunoprecipitation, post-
nuclear lysates were incubated with the appropriate antibodies for 2 h. Immune
complexes were then recovered with formalin-fixed Staphylococcus aureus (Pan-
sorbin; Calbiochem-Novabiochem, San Diego, Calif.). After three washes, pro-
teins were eluted in sample buffer and resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. For reimmunoprecipitation experiments,
immunoprecipitates were eluted in sample buffer lacking b-mercaptoethanol,
boiled, and then diluted 1:10 with lysis buffer. Specific proteins were subse-
quently recovered by immunoprecipitation with the indicated antibodies. For
analysis of Clnk and HPK-1 expression in transiently transfected Jurkat cells,
cells were lysed directly in boiling sodium dodecyl sulfate-containing sample
buffer, and lysates corresponding to equivalent cell numbers were resolved by gel
electrophoresis. Immunoblots were done according to a previously described
protocol (39), using either 125I-goat anti-mouse IgG (ICN Biomedicals, Aurora,
Ohio) or 125I-protein A (Amersham Pharmacia Biotech, Baie d’Urfé, Québec,
Canada).

In vitro binding assays. GST fusion proteins were produced in bacteria and
purified on agarose-glutathione beads as described elsewhere (32). In vitro bind-
ing assays were performed using ;0.5 mg of GST fusion proteins and 3 mg of
lysates from resting or stimulated B6SutA1 cells. After several washes, bound
proteins were eluted in sample buffer and detected by immunoblotting with
antiphosphotyrosine antibodies.

Immune-complex kinase assays. HPK-1 was transiently expressed in Cos-1
cells, in the absence or the presence of Clnk. Proteins were immunoprecipitated
from postnuclear lysates with either anti-HPK-1 or anti-Clnk antibodies. After
several washes, immune-complex kinase reactions were performed for 10 min at
30°C as described previously (23), in the presence of 20 mM cold ATP, 10 mCi
of [g-32P]ATP (New England Nuclear Life Science Products, Boston, Mass.), and
histone H2A (5 mg; Roche Diagnostics, Laval, Québec, Canada) as an exogenous
substrate. Under these conditions, reactions were linear for at least 30 min (data
not shown). For Jurkat T cells, cells were transfected with a cDNA coding for
HA-tagged HPK-1, with or without FLAG-tagged Clnk. After 48 h, cells were
stimulated or not with anti-CD3 MAb OKT3 and lysed, and HPK-1 was immu-
noprecipitated with anti-HA MAb 12CA5. HPK-1 kinase activity was measured
in vitro as described elsewhere (26), using a fusion protein bearing the amino-
terminal domain of c-Jun [GST–c-Jun(N)] as an exogenous substrate.

Yeast two-hybrid screen. Sequences corresponding to the SH2 domain of Clnk
were inserted in the SalI site of the yeast expression vector pBTM116/Src (pro-
vided by M. Lioubin and L. Rohrschneider, Fred Hutchinson Cancer Center,
Seattle, Wash.) (40). In addition to the DNA-binding domain of LexA, this
vector contains the Src kinase (with tyrosine-to-phenylalanine mutations at po-
sitions 416 and 527), which allows tyrosine phosphorylation of potential targets
in yeast cells. The construct was stably expressed in the yeast strain L40, accord-
ing to standard protocols (8). After confirming adequate expression of ClnkSH2-
LexA (“bait”) and Src (data not shown), yeast cells were transformed with a
mouse thymocyte cDNA library cloned in the expression vector pHybriZAP
(generated by Serge Lemay, McGill University, Montréal, Québec, Canada, and
Stratagene, La Jolla, California) (27). This vector bears the transactivation re-
gion of Gal4. Transformants were selected for their ability to grow in medium
lacking histidine and for the presence of b-galactosidase activity (data not
shown). More than 100 independent clones were subsequently subjected to
elimination of the bait, and those showing concomitant loss of b-galactosidase
activity were kept for further analyses. Plasmids were rescued from these yeast
cells according to standard protocols and analyzed by sequencing, restriction
enzyme digestions, or both (data not shown). To determine whether binding to
the Clnk SH2 domain in the yeast two-hybrid system required the presence of
Src, L40 was transformed with pBTM116 alone, pBTM116-Clnk SH2, or
pBTM116/Src-Clnk SH2. Individual colonies were then transformed with the
various plasmids recovered in the two-hybrid screen. Stable transformants were
tested for the ability to grow in medium lacking histidine and b-galactosidase
activity.

Transient transfections. Cos-1 cells were transiently transfected by the
DEAE-dextran method, as described elsewhere (11). Jurkat cells were trans-
fected by electroporation with the indicated plasmids (unless specified, 10 mg), in
the presence of 20 mg of either pNFAT-luciferase, pAP-1-luciferase, pIL-2 pro-
moter-luciferase or pg-IFN promoter-luciferase, according to a protocol detailed
elsewhere (3). After 40 h, 106 viable cells were stimulated for 7 h in duplicate
with anti-CD3 MAb OKT3 (1 mg/ml) alone or a combination of phorbol myris-
tate acetate (PMA) (100 ng/ml) and ionomycin (0.75 mg/ml). Cells were then

VOL. 21, 2001 COOPERATION BETWEEN Clnk AND HPK-1 6103



lysed and assayed for luciferase activity using the luciferase reporter assay system
(Promega, Madison, Wis.) and a luminometer (EG&G Berthold, Bad Wildbad,
Germany). Results are presented as the percentage of luciferase activity induced
by PMA plus ionomycin. Expression of the transfected constructs was monitored
by immunoblotting of total cell lysates with the appropriate antibodies.

RESULTS

Differential association of Clnk and SLP-76 with tyrosine-
phosphorylated p92. Previously we reported that Clnk became
inducibly associated with a 92-kDa tyrosine-phosphorylated
polypeptide in response to immunoreceptor-mediated activa-
tion of T cells and myeloid cells (3). Since these cell types
express both Clnk and SLP-76, we wanted to examine whether
p92 was also associated with SLP-76. To this end, the IL-2-
dependent mouse T-cell line 5.32.5 (clone 2.5) was first activated
with anti-CD3 MAb 145-2C11, and the differential capacities
of Clnk and SLP-76 to interact with tyrosine-phosphorylated
p92 were estimated by probing the relevant immunoprecipi-
tates with antiphosphotyrosine antibodies (Fig. 1A). In agree-
ment with our earlier report (3), we found that tyrosine-phos-
phorylated p92 was present in anti-Clnk immunoprecipitates
obtained from activated cells (lane 2) but not from unstimu-
lated cells (lane 1). In contrast, this product was not detected
in SLP-76 immunoprecipitates from either unstimulated (lane
3) or stimulated (lane 4) cells, even though SLP-76 was clearly
tyrosine phosphorylated and associated with the adaptor LAT
in response to CD3 stimulation (lane 4). None of these
polypeptides was present in immunoprecipitates obtained with
normal rabbit serum (lanes 5 and 6).

The capacities of Clnk and SLP-76 to bind tyrosine-phos-
phorylated p92 were also compared by using the IL-3-depen-
dent mouse myeloid cell line B6SutA1 (Fig. 1B). Cells were
activated via the high-affinity receptor for IgG (FcgRI) by
incubation with mouse IgG2a, and the interactions of Clnk and

SLP-76 with tyrosine-phosphorylated molecules were subse-
quently monitored as outlined for Fig. 1A. This experiment
showed that while tyrosine-phosphorylated p92 became asso-
ciated with Clnk in activated B6SutA1 cells (Fig. 1B, lane 2), it
did not detectably interact with SLP-76 (lane 6). In addition to
p92, Clnk was also associated with a tyrosine-phosphorylated
polypeptide of ;130 kDa, both in unstimulated (Fig. 1B, lane
1) and in stimulated (lane 2) B6SutA1 cells. A similar product
was seen in SLP-76 immunoprecipitates (lanes 5 and 6). Our
preliminary data indicate that this molecule is Fyb/SLAP-130,
a previously described SLP-76 SH2 domain-binding protein
(data not shown; see Fig. 3B for further evidence for this
interaction) (9, 29).

Tyrosine-phosphorylated p92 interacts with the SH2 do-
main of Clnk. The preferential ability of p92 to interact with
Clnk further suggested that this association may be relevant for
Clnk-mediated functions. As an initial step towards the molec-
ular identification of p92, it was important to understand better
the structural basis for the association between these two mol-
ecules. Because p92 is tyrosine phosphorylated, one obvious
possibility was that it interacted with Clnk by way of the Clnk
SH2 region. To test this idea, GST fusion proteins encompass-
ing the Clnk SH2 domain were produced in bacteria and im-
mobilized on agarose-glutathione beads. They were subse-
quently assayed for their capacity to interact with p92 in vitro,
using lysates obtained from resting or activated B6SutA1 cells
(Fig. 2).

An antiphosphotyrosine immunoblot showed that the SH2
region of Clnk was able to associate with a tyrosine-phospho-
rylated polypeptide of ;92 kDa present in stimulated cells
(Fig. 2, lane 4) but not in resting cells (lane 3). This protein
comigrated with the tyrosine-phosphorylated p92 found in an-
ti-Clnk immunoprecipitates generated from activated cells
(lane 12). Note that Clnk was constitutively tyrosine phosphor-

FIG. 1. Differential association of tyrosine-phosphorylated p92 with Clnk and SLP-76 in activated hemopoietic cells. Cells were activated as
detailed in the text. After lysis, individual polypeptides were immunoprecipitated with the indicated antibodies (e.g., anti-Clnk [aClnk]), and the
presence of associated phosphotyrosine-containing molecules was determined by immunoblotting with antiphosphotyrosine (aP.tyr) antibodies.
The migrations of prestained molecular mass markers are indicated on the right, while those of p130, p92, SLP-76, Clnk, LAT, and the heavy chain
of Ig [Ig(H)] are shown on the left. (A) IL-2-dependent antigen-specific T-cell line 2.5. The ;70-kDa tyrosine-phosphorylated product that was
nonspecifically coimmunoprecipitated with the various antibodies in activated cells is likely to be Zap-70. Exposure, 16 h. (B) IL-3-dependent
myeloid cell line B6SutA1. Exposure, 16 h.
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ylated in this cell line (compare lanes 11 and 12), in agreement
with an earlier report by members of our group (3). The ability
of the Clnk SH2 domain to bind p92 in vitro was dramatically
reduced by mutation of arginine 335 in the SH2 domain (ar-
ginine 335 to lysine 335 mutation) (lanes 5 and 6). This con-
served residue is known to be required for phosphotyrosine
binding in other SH2 domains (31). No tyrosine-phosphory-
lated product was complexed to GST alone (lanes 1 and 2).
The capacity of the SH2 domain of SLP-76 to interact with p92
was also examined (lanes 7 and 8). Whereas we found that the
SLP-76 SH2 domain was able to interact with tyrosine-phos-
phorylated p92 (lane 8), the extent of this association was
significantly lower than that observed with the Clnk SH2 do-
main (lane 4). Titration experiments using serial dilutions of
bacterial fusion proteins indicated that the SH2 region of
SLP-76 interacted with tyrosine-phosphorylated p92 approxi-
mately 5 times less efficiently than the equivalent domain of
Clnk (data not shown). This difference may explain our inabil-
ity to observe p92 in anti-SLP-76 immunoprecipitates (Fig. 1).
An anti-GST immunoblot confirmed that all GST fusion pro-
teins used in this experiment were expressed in equivalent
amounts (data not shown).

Cloning of putative Clnk-associated proteins using the yeast
two-hybrid system. To identify the Clnk-associated p92, a yeast
two-hybrid screen was performed using the Clnk SH2 domain
as a bait. In order to permit tyrosine phosphorylation of po-
tential partners, a modification of the yeast two-hybrid system
in which the protein tyrosine kinase Src is also expressed in the
yeast was used. Yeast cells expressing the SH2 region of Clnk
were transformed with a mouse thymocyte cDNA library, and
potential interacting proteins were identified as outlined in
Materials and Methods. The most frequent clones identified in
these assays corresponded to Fyb/SLAP-130 (data not shown)
(9, 29). In addition, we found a single clone representing

HPK-1, a serine/threonine protein kinase of ;95 kDa ex-
pressed in hemopoietic cells (17, 23). The region covered by
this cDNA corresponded to the kinase domain and the prox-
imal portion of the noncatalytic domain of mouse HPK-1 (ami-
no-acids 1 to 439) (Fig. 3A). While little is known of the
function of HPK-1 in hemopoietic cells, this kinase was re-
cently shown to be activated and to undergo tyrosine phos-
phorylation in response to immunoreceptor engagement (26,
28). Our studies (Fig. 3B) also revealed that the interaction
between the Clnk SH2 domain and HPK-1 in yeast was stron-
gest in the presence of the Src kinase. Notably, though, a small
degree of association also existed in yeast lacking the Src pro-
tein. Since yeast express little or no genuine protein tyrosine
kinases, this observation suggested that the association be-
tween the SH2 domain of Clnk and HPK-1 may occur at a low
level of efficiency in the absence of tyrosine phosphorylation.
However, this interaction is clearly augmented by tyrosine
phosphorylation.

Association of Clnk with HPK-1 in Cos-1 cells. Next, the
ability of Clnk and HPK-1 to associate in mammalian cells was
evaluated (Fig. 4). As a first step, Cos-1 cells were transiently
transfected with cDNAs coding for mouse Clnk and HPK-1, in
the absence or presence of the Src-related enzyme Lck. After
60 h, cells were lysed in nonionic detergent-containing buffer,
and the association between Clnk and HPK-1 was examined by
immunoblotting of Clnk immunoprecipitates with anti-HPK-1
antibodies (Fig. 4A, top panel). This analysis revealed that in
the absence of Clnk (lanes 1 to 4), no detectable HPK-1 was
present in anti-Clnk immunoprecipitates. In contrast, abun-

FIG. 2. Association of Clnk SH2 domain with tyrosine-phosphory-
lated p92. The abilities of various GST fusion proteins to associate with
tyrosine-phosphorylated molecules from lysates of resting or activated
B6SutA1 cells were examined in an in vitro binding assay. Anti-Clnk
(aClnk) immunoprecipitates were also performed in parallel in order
to reveal the migration of p92. The positions of prestained molecular
weight markers are shown on the right; those of p92, Clnk, and heavy
chain of Ig [Ig(H)] are indicated on the left. Exposure, 48 h. aP.tyr,
antiphosphotyrosine antibody; wt, wild type; NRS, normal rabbit serum.

FIG. 3. Yeast two-hybrid screen. Potential binding proteins for the
Clnk SH2 domain were identified using a yeast two-hybrid screen in
the presence of the protein tyrosine kinase Src. (A) Identification of
hpk-1 cDNA. The primary structure of HPK-1 and the corresponding
segment identified in the yeast two-hybrid screen are shown. The
positions of the kinase domain and proline-rich regions of HPK-1 are
indicated. (B) Requirement of Src kinase activity for interaction of the
Clnk SH2 domain with HPK-1 and Fyb/SLAP-130 in yeast. The abil-
ities of HPK-1 (amino acids 1 to 439) and Fyb/SLAP-130 to associate
with the SH2 domain of Clnk were assessed in yeast expressing (1Src)
or not expressing (2Src) the Src kinase, as outlined in Materials and
Methods. Yeast cells were tested for their capacity to produce b-ga-
lactosidase. 111, green staining after 15 min; 1, green staining after
1 h; 1/2, green staining after overnight incubation. Similar conclu-
sions were reached when yeast cells were examined for the aptitude to
grow in the absence of histidine (data not shown).
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dant amounts of HPK-1 were recovered in Clnk immunopre-
cipitates generated from cells coexpressing Clnk and HPK-1
(lanes 7 and 8) but not in cells containing Clnk alone (lanes 5
and 6). The extent of the association between Clnk and HPK-1
was not influenced by coexpression of Lck (compare lanes 7
and 8).

In order to assess the phosphotyrosine content of HPK-1 in
these cells, HPK-1 was isolated by immunoprecipitation with
anti-HPK-1 antibodies and probed by immunoblotting with
antiphosphotyrosine antibodies (Fig. 4A, second panel). In
cells expressing HPK-1 without Clnk (lanes 3 and 4), the
HPK-1 protein contained little or no phosphotyrosine, even in
the presence of the Src-related kinase (lane 4). However, the
phosphotyrosine content of HPK-1 was greatly augmented by
expression of Clnk (lanes 7 and 8). While more pronounced
HPK-1 tyrosine phosphorylation was noted in cells bearing Lck
(lane 8), significant tyrosine phosphorylation was induced by
Clnk in the absence of Lck (lane 7). Parallel immunoblots of
total cell lysates with anti-HPK-1 (third panel), anti-Clnk
(fourth panel), and anti-Lck (fifth panel) sera confirmed that
all proteins were appropriately expressed.

The association between Clnk and HPK-1 was also probed
by immunoblotting of HPK-1 immunoprecipitates with anti-
Clnk antibodies (Fig. 4B). Cos-1 cells were transfected with a
cDNA encoding HPK-1 in the absence or the presence of a
cDNA coding for a variant of Clnk bearing a FLAG epitope at
the amino terminus. A FLAG-tagged version of Clnk was used
for these studies, as its electrophoretic migration could be
more easily distinguished from that of the heavy chain of Ig.
This analysis revealed that Clnk was detectable in anti-HPK-1
immunoprecipitates obtained from cells coexpressing HPK-1
(Fig. 4B, lane 4) but not from those lacking HPK-1 (lane 3).

The capacity of Clnk to bind HPK-1 was also compared to

that of its relative SLP-76 (Fig. 5). For this purpose, cDNAs
encoding FLAG-tagged variants of Clnk and SLP-76 were used
in transient transfection assays as outlined for Fig. 4. The
differential ability of FLAG-Clnk and FLAG-SLP-76 to asso-
ciate with HPK-1 was ascertained by immunoblotting of FLAG
immunoprecipitates with anti-HPK-1 antibodies (Fig. 5, first
panel). This assay showed that in comparison to FLAG-Clnk
(lanes 5 and 6), FLAG-SLP-76 (lanes 9 and 10) interacted
poorly with HPK-1. While not evident in Fig. 5, a small degree
of association between FLAG-SLP-76 and HPK-1 could be
seen in longer autoradiographic exposures of this immunoblot
(data not shown).

Interaction of Clnk with HPK-1 in hemopoietic cells. The
aptitude of Clnk to interact physically with HPK-1 was also
examined in hemopoietic cells (Fig. 6). To this end, the IL-2-
dependent mouse T-cell line 2.5 (Fig. 6A) and IL-3-dependent
myeloid cell line B6SutA1 (Fig. 6B) were activated via their
immunoreceptors as outlined for Fig. 1. The association be-
tween Clnk and HPK-1 was subsequently monitored by immu-
noblotting of Clnk immunoprecipitates with anti-HPK-1 anti-
bodies. In both cell types (Fig. 6A and B), we found that small
amounts of HPK-1 were associated with Clnk in unstimulated
cells (lanes 1). However, the abundance of Clnk-associated
HPK-1 was greatly augmented in response to immunoreceptor
stimulation (lanes 2). When lysates were immunoprecipitated
with anti-SLP-76 antibodies under conditions analogous to
those described for Fig. 1, a detectable amount of associated
HPK-1 was also noted in activated 2.5 cells (Fig. 6A, lane 6). In
keeping with the results presented above, though, the extent of
the SLP-76-HPK-1 interaction was much smaller than that of
the Clnk-HPK-1 association. No HPK-1 was present in immu-
noprecipitates generated with normal rabbit serum (lanes 3
and 4).

FIG. 4. Association of Clnk with HPK-1 in Cos-1 cells. (A) The ability of Clnk to associate with HPK-1 was examined by transient transfection
in Cos-1 cells. An activated version of Lck (tyrosine 505 to phenylalanine 505; F505 Lck) was cotransfected in these cells in order to maximize
protein tyrosine phosphorylation. The positions of HPK-1, Clnk, and Lck are shown on the left. Exposures: first panel, 3 h; second panel, 6 h; third
panel, 3 h; fourth panel, 3 h; and fifth panel, 3 h. (B) Cos-1 cells were transiently transfected with cDNAs encoding HPK-1 and a FLAG-tagged
version of Clnk (FLAG-Clnk). The association between HPK-1 and Clnk was then examined through probing of anti-HPK-1 (aHPK-1)
immunoprecipitates by anti-Clnk (aClnk) immunoblotting. The migrations of HPK-1, FLAG-Clnk, and heavy chain of Ig [Ig(H)] are indicated on
the left. Exposures, 6 h. aP.tyr, antiphosphotyrosine antibody.
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To ensure that the Clnk-associated tyrosine-phosphorylated
p92 was HPK-1, reimmunoprecipitation experiments were per-
formed (Fig. 6C). Clnk-associated proteins were first immuno-
precipitated from activated B6SutA1 cells using anti-Clnk an-
tibodies. After elution and denaturation in sample buffer,
associated proteins were reimmunoprecipitated with either an-
ti-HPK-1 antibodies or normal rabbit serum. Tyrosine-phos-
phorylated polypeptides were subsequently detected by immu-
noblotting with antiphosphotyrosine antibodies. This assay
showed that a tyrosine-phosphorylated product comigrating

with Clnk-associated p92 (lane 1) was detectable in immuno-
precipitates generated with anti-HPK-1 antibodies (lane 2) but
not with normal rabbit serum (lane 3). Thus, this result indi-
cated that at least part of the Clnk-associated p92 was HPK-1.
Unfortunately, the anti-HPK-1 sera available were not efficient
at fully depleting HPK-1 from cell lysates (data not shown).
Hence, we were not able to exclude formally the possibility that
Clnk-associated p92 also represented additional polypeptides.

Cooperative enhancement of immunoreceptor-mediated IL-
2 promoter activation by Clnk and HPK-1. Previously, mem-
bers of our group reported that Clnk was a strong positive
regulator of antigen receptor-induced activation of the IL-2
promoter in Jurkat T cells (3). Hence, to provide insights into
the function of the association between Clnk and HPK-1, the
effect of coexpression of these two molecules in this system was
examined. Jurkat cells were transiently transfected with cDNAs
encoding either Clnk alone, HPK-1 alone, or both, in the pres-
ence of an IL-2–luciferase reporter plasmid. After 40 h, cells
were stimulated with anti-CD3 MAb OKT3, and the activation
of the IL-2 promoter was monitored using a standard lucif-
erase assay (Fig. 7).

This assay (Fig. 7A) revealed that introduction of Clnk alone
caused an increase in CD3-mediated activation of the IL-2
promoter, in keeping with the earlier report (3). A smaller
increase in IL-2 promoter activity was also observed in the
absence of CD3 stimulation. In contrast, expression of HPK-1
alone had a weak, albeit reproducible, inhibitory effect on the
activity of the IL-2-luciferase reporter, either in resting or in
activated cells. Strikingly, though, the combination of Clnk and
HPK-1 caused a more pronounced activation of the IL-2 pro-
moter when contrasted with Clnk alone. In a series of inde-
pendent experiments, the stimulation observed with Clnk and
HPK-1 was two- to fivefold greater than that achieved by Clnk
alone (Fig. 7; also data not shown). Immunoblots of total cell
lysates with anti-HPK-1 (Fig. 7B, top panel) and anti-Clnk

FIG. 5. Differential interactions of Clnk and SLP-76 with HPK-1 in
Cos-1 cells. Experiments were done as outlined for Fig. 4, except that
FLAG-tagged versions of Clnk and SLP-76 were used. The migrations
of HPK-1, FLAG-Clnk, FLAP-SLP-76, and Lck are indicated on the
left. Exposures: first panel, 16 h; second panel, 6 h; third panel, 16 h;
and fourth panel, 6 h. “a” designations indicate antibodies.

FIG. 6. Association of Clnk with HPK-1 in immunoreceptor-activated hemopoietic cells. (A and B) Experiments were performed as outlined
for Fig. 1, except that polypeptides were probed by immunoblotting with anti-HPK-1 (aHPK-1) antibodies. The position of HPK-1 is shown on
the left. (A) IL-2-dependent antigen-specific T-cell line 2.5. Exposure, 16 h. (B) IL-3-dependent myeloid cell line B6SutA1. Exposure, 6 h. (C)
Reimmunoprecipitation (re-I.P.) experiment. Clnk was first immunoprecipitated from activated B6SutA1 cells (lane 1). After elution and
denaturation of associated proteins in sample buffer, polypeptides were reimmunoprecipitated from four combined anti-Clnk (aClnk) immuno-
precipitates using the specified antibodies (lanes 2 and 3). Tyrosine-phosphorylated molecules were then detected by immunoblotting with
anti-phosphotyrosine (aP.tyr) antibodies. NRS, normal rabbit serum. The position of tyrosine-phosphorylated p92 is indicated on the left.
Exposure, 4 days.
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(bottom panel) confirmed that both proteins were adequately
expressed in the various transfected populations.

To test whether endogenous HPK-1 molecules participated
in the ability of Clnk to regulate antigen receptor signaling, the
effect of coexpression of Clnk with a kinase-defective version
of HPK-1 (K46E mutant) was evaluated (Fig. 8). While the
mutant HPK-1 protein used in this experiment lacked intrinsic
catalytic activity (23), it remained able to associate with Clnk
(our unpublished results). Consequently, we believed that it
might function as a dominant-interfering version of HPK-1.

The results of this assay (Fig. 8A) showed that by opposition to
wild-type HPK-1, the kinase-defective version inhibited in a
dose-dependent manner the ability of Clnk to up-regulate
CD3-triggered activation of the IL-2 promoter. At the highest
concentrations of kinase-inactive hpk-1 DNA used, the effect
of Clnk was inhibited approximately fourfold. Importantly,
parallel immunoblots of total cell lysates (Fig. 8B) demon-
strated that introduction of the kinase-defective HPK-1 (lanes
4 to 7) did not interfere with the levels of expression of Clnk
(bottom panel). It should be pointed out that the anti-mouse

FIG. 7. Cooperative enhancement of T-cell antigen receptor signaling by Clnk and HPK-1. Jurkat Tag cells were transfected in duplicate with
the indicated cDNAs in the presence of an IL-2 promoter-luciferase reporter plasmid. After 40 h, cells were stimulated as described in Materials
and Methods with either anti-CD3 MAb OKT3 (anti-CD3) or the combination of PMA and ionomycin (PMA1iono). (A) Luciferase assay.
Luciferase activity is expressed as the percentages of values obtained in cells stimulated with PMA plus ionomycin. Assays were conducted in
duplicate. The average value is shown. (B) Immunoblots. The expression levels of HPK-1 and Clnk were determined by immunoblotting of total
cell lysates with the appropriate antisera (denoted by “a” designations). Exposures, 15 h.

FIG. 8. Inhibition of Clnk-mediated impact on immunoreceptor signaling by kinase-inactive HPK-1. Experiments were performed as outlined
in the legend for Fig. 7, except that either wild-type (wt) or kinase-defective (KD) HPK-1 was used. (A) Luciferase assay. Activity is expressed as
the percentages of values obtained in cells stimulated with PMA plus ionomycin. The average value of duplicates is shown. Expression of
kinase-defective HPK-1 alone had no appreciable effect on IL-2 promoter activation in Jurkat T cells (data not shown). (B) Immunoblots. The
expression levels of HPK-1 and Clnk were determined by immunoblotting of total cell lysates with the indicated antisera (“a” designations).
Exposures, 20 h.
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HPK-1 sera used did not react efficiently with the endogenous
human HPK-1 present in Jurkat cells, explaining its lack of
detection in these immunoblots (top panel, lanes 1 and 2).
Hence, altogether, the results of Fig. 7 and 8 indicated that
Clnk and HPK-1 cooperated to enhance antigen receptor-
induced signaling events in Jurkat T cells and that this effect
necessitated the enzymatic activity of HPK-1.

Impact of Clnk on the kinase activity of HPK-1. In a previ-
ous report (26), it was shown that HPK-1 alone had a moderate
inhibitory impact on TCR-induced activation of AP-1 in Jurkat
cells. In a related way, we consistently observed that HPK-1 by
itself provoked a small reduction in TCR-driven IL-2 promoter
activation (Fig. 7; also data not shown). Since addition of
HPK-1 to Clnk had a stimulatory rather than inhibitory effect
on IL-2 promoter activation (Fig. 7), we wanted to assess the
possibility that Clnk had an impact on the catalytic activity of
HPK-1. To test the effect of Clnk on the basal activity of
HPK-1, HPK-1 was transiently expressed in Cos-1 cells, with or
without Clnk. The kinase activity of HPK-1 was subsequently
measured in immune-complex kinase reactions, using either
HPK-1 or Clnk immunoprecipitates (Fig. 9A). All reactions
were performed under linear assay conditions in the presence
of the exogenous substrate histone H2A. This study revealed
that the ability of HPK-1 to undergo autophosphorylation (first
panel) or phosphorylate histone H2A (third panel) was not
significantly altered by expression or binding of Clnk. It was
also observed that Clnk underwent prominent phosphorylation
during the kinase reaction in cells expressing HPK-1 (second
panel, lane 5). This observation suggested that Clnk is a sub-
strate for HPK-1.

We also examined the impact of Clnk on the ability of
HPK-1 to undergo enzymatic activation during T-cell activa-
tion (Fig. 9B). Jurkat cells were transiently transfected with
HA-tagged HPK-1, in the presence or the absence of Clnk.
After 48 h, cells were stimulated with anti-CD3 MAb OKT3,
and the kinase activity of HPK-1 was determined in immune-
complex kinase reactions, using the amino-terminal domain of
c-Jun as an exogenous substrate. As reported elsewhere (26,
28), HPK-1 alone exhibited a detectable increase in kinase
activity upon antigen receptor stimulation (top panel, lanes 3
and 4). By comparison, in the presence of Clnk (lanes 5 and 6),
the activity of HPK-1 was greatly enhanced, both in unstimu-
lated (lane 5) and in stimulated (lane 6) cells. Hence, it is
unlikely that the observed synergism between Clnk and HPK-1
on TCR-induced IL-2 promoter activation resulted from an
allosteric inhibition of the catalytic activity of HPK-1. Rather,
it appears that Clnk facilitated the activation of HPK-1 in
response to TCR stimulation.

Clnk can functionally substitute for SLP-76 in immunore-
ceptor signaling. The findings described herein and elsewhere
indicate that Clnk and SLP-76 interact with distinct sets of
cellular proteins. Namely, SLP-76 forms complexes with Vav,
Nck, GADS, and Fyb. With the exception of Fyb (this report;
also our unpublished results), we found that none of these
other partners associated with Clnk in hemopoietic cells. By
contrast, Clnk interacted strongly with HPK-1. A much weaker
association existed between SLP-76 and HPK-1. Notwithstand-
ing, we reported that Clnk was able to augment antigen recep-
tor-induced activation of NFAT, AP-1, and IL-2 promoter in
Jurkat T cells in a manner analogous to that of SLP-76 (3).

FIG. 9. Effect of Clnk on the kinase activity of HPK-1. (A) Transient transfection in Cos-1 cells. Cos-1 cells were transiently transfected with
the indicated cDNAs. After immunoprecipitation with either anti-HPK-1 (aHPK-1) or anti-Clnk (aClnk) antibodies, the catalytic activity of HPK-1
was measured in immune-complex kinase reactions, using histone H2A as an exogenous substrate (first, second, and third panels). All reactions
were performed under linear assay conditions (data not shown). The abundance of HPK-1 in the immunoprecipitates was verified by immuno-
blotting of parallel immunoprecipitates with HPK-1 antibodies (fourth panel). The expression of Clnk was verified by immunoblotting of total cell
lysates with anti-Clnk antibodies and was found to be adequate (data not shown). The following amounts of total cellular proteins were used for
immunoprecipitation: lanes 1 and 4,250 mg; lanes 2, 3, 5, and 6, 500 mg; lane 7, 31.3 mg; lane 8, 62.5 mg; lane 9, 125 mg; lane 10, 250 mg; and lane
11, 500 mg. NRS, normal rabbit serum. The migrations of HPK-1, Clnk, and histone H2A are indicated on the left. Exposures: first, second, and
third panels, 12 h; fourth panel, 4 h. (B) Transient transfection in Jurkat cells. Cells were transiently transfected with the indicated cDNAs. After
48 h, they were stimulated or not stimulated for 3 min with anti-CD3 MAb OKT3, and the kinase activity of HPK-1 was measured in
immune-complex kinase reactions, using the amino-terminal portion of c-Jun [GST-c-Jun(N)] as an exogenous substrate. The positions of
prestained molecular mass markers are shown on the right; those of HPK-1, Clnk, and GST–c-Jun(N) are indicated on the left.
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Thus, Clnk and SLP-76 may have similar impacts on the down-
stream events of T-cell activation, albeit through distinct bio-
chemical mechanisms.

To address further the functional similarities between Clnk
and SLP-76 in immunoreceptor signaling, we wanted to test
the ability of Clnk to rescue antigen receptor-mediated re-
sponses in a SLP-76-deficient variant of Jurkat (J14) (44) (Fig.
10). J14 or parental Jurkat E6.1 cells were transiently trans-
fected with cDNAs encoding either Clnk or SLP-76, in the
presence of an NFAT-luciferase, AP-1–luciferase, IL-2 pro-
moter-luciferase, or IFN-g promoter-luciferase reporter. An-
tigen receptor-induced reporter gene activation was subse-
quently measured as detailed in Materials and Methods. In
keeping with earlier findings of members of our group (3), it
was noted that expression of either Clnk or SLP-76 in parental
Jurkat cells provoked a strong increase in the CD3-mediated
activation of NFAT, AP-1, IL-2 promoter, and IFN-g pro-
moter (Fig. 10). An enhancement of reporter gene activity was

also observed in the absence of antigen receptor stimulation.
As described by others (44), we also found that SLP-76-defi-
cient J14 cells transfected with empty vector failed to activate
any of the luciferase reporters in response to CD3 stimulation.
This defect was corrected by reintroduction of SLP-76. Inter-
estingly, expression of Clnk was also able to rescue antigen
receptor-induced transcriptional events in J14 cells, in a man-
ner similar to that of SLP-76. Therefore, despite their abilities
to interact with different sets of proteins, Clnk and SLP-76 can
be functionally analogous, at least in Jurkat T cells.

DISCUSSION

Herein, we attempted to identify a 92-kDa tyrosine-phos-
phorylated protein that selectively interacts with Clnk in im-
munoreceptor-activated T cells and myeloid cells (3). In a yeast
two-hybrid screen using the Clnk SH2 region as a bait, evi-
dence was adduced that p92 may be HPK-1, a serine/threonine
protein kinase expressed in hemopoietic cells (17, 23, 26).
Experiments using transiently transfected Cos-1 cells and cy-
tokine-dependent hemopoietic cells confirmed that Clnk was
also associated with HPK-1 in mammalian cells and that this
association was induced by immune cell activation. By com-
parison, SLP-76 interacted much less extensively with HPK-1.
Cotransfection studies in Jurkat T cells revealed that Clnk and
HPK-1 synergized to enhance immunoreceptor-mediated acti-
vation of the IL-2 promoter. Moreover, the ability of Clnk to
stimulate IL-2 promoter activity was inhibited by expression of
a catalytically inactive version of HPK-1. Finally, we found that
despite the affinities of Clnk and SLP-76 for distinct sets of
cellular proteins, Clnk was able to substitute functionally for
SLP-76 in a SLP-76-deficient T-cell line.

HPK-1 is a member of the germinal center kinase family of
serine/threonine protein kinases (25). It contains an amino-
terminal catalytic domain as well as a long carboxy-terminal
extension bearing several proline-rich sequences capable of
binding SH3 domains, one or more putative sites of tyrosine
phosphorylation, and a citron homology domain. Like other
members of the germinal center kinase family, HPK-1 is capa-
ble of activating the stress-activated protein kinase cascade via
MAPK kinase kinases (23). More recent studies suggested that
HPK-1 is also able to stimulate NF-kB by a distinct, albeit
poorly understood, mechanism (2, 18). Whereas little is known
of the role of HPK-1 in immunoreceptor signaling, it was
recently published that HPK-1 becomes enzymatically acti-
vated in response to immunoreceptor stimulation in T cells and
B cells (26, 28). This activation was found to be dependent on
expression of SLP-76, LAT, and members of the Grb2 family
(26, 28).

In this report, we found that HPK-1 became inducibly asso-
ciated with Clnk in response to immunoreceptor stimulation in
T cells and myeloid cells. In addition, it was observed that
HPK-1 cooperated with Clnk to facilitate activation of the IL-2
promoter in response to antigen receptor stimulation in Jurkat
T cells. Hence, these results indicated that in the presence of
Clnk, HPK-1 seemed to have a positive regulatory role in
immunoreceptor signaling. It is noteworthy, however, that
overexpression of HPK-1 alone had a weak inhibitory effect on
IL-2 promoter activation in Jurkat cells. Likewise, Liou et al.
(26) reported that overexpression of HPK-1 alone caused an

FIG. 10. Rescue of antigen receptor signaling in a SLP-76-deficient
T-cell line by Clnk. Parental Jurkat cells (clone E6.1) and a SLP-76-
deficient variant (J14) were transfected with cDNAs encoding either
Clnk or SLP-76, in the presence of the indicated luciferase reporter
plasmids. Cells were subsequently activated, and luciferase activity was
monitored, as detailed in Materials and Methods. Results are repre-
sented as percentages of values obtained with PMA plus ionomycin.
All assays were done in duplicate. Average values with ranges are
shown.
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inhibition, rather than stimulation, of TCR-induced AP-1 ac-
tivation in the same cell line. A similar finding was made in our
laboratory (data not shown). We do not trust that the opposite
effects of HPK-1 in the absence and the presence of Clnk can
be simply explained by a Clnk-mediated repression of the ki-
nase activity of HPK-1. Indeed, the stimulatory effect of Clnk
and HPK-1 on IL-2 promoter activation was consistently
greater, not smaller, than that of Clnk alone. Moreover, in
Cos-1 cells, Clnk expression and binding had little or no effect
on the kinase activity of HPK-1, as measured in immune-
complex kinase reactions. Lastly, expression of Clnk in Jurkat
T cells actually caused an increase in the kinase activity of
HPK-1.

On the basis of these results, we believe that Clnk influences
the function of HPK-1 in two ways. First, its presence results in
an increase in the kinase activity of HPK-1 in T cells. While the
mechanism of this activation remains to be determined, it is
likely to require additional components present in T cells, since
a similar activation was not observed in Cos-1 cells. Second,
Clnk seems to allow HPK-1 to participate in a signaling path-
way that is qualitatively distinct from that used by HPK-1
alone. As a result, HPK-1 becomes a positive regulator rather
than an inhibitor of IL-2 promoter activation. This modifica-
tion may be due to a Clnk-mediated change in HPK-1 cellular
localization or, alternatively, to a modification in its substrate
specificity.

The exact mechanism by which Clnk and HPK-1 up-regulate
IL-2 promoter activity remains to be clarified. Since the ability
of HPK-1 to synergize with Clnk was dependent on its catalytic
activity, it seems likely that HPK-1 functions by phosphorylat-
ing specific intracellular targets. In earlier studies (2, 18, 23), it
was shown that HPK-1 could activate the stress-activated pro-
tein kinase pathway and NF-kB in a variety of cell types. Thus,
it is plausible that the Clnk–HPK-1 complex is also coupled to
these pathways during immunoreceptor signaling. Alterna-
tively, Clnk may allow HPK-1 to be involved in another as yet
unappreciated cascade. Clearly, additional experiments are re-
quired to explore these possibilities.

In addition to HPK-1, Clnk is likely to interact with other
cellular molecules. Along these lines, we have already demon-
strated that Clnk (like SLP-76) can associate with Fyb/SLAP-
130, an adaptor molecule implicated in cytoskeletal reorgani-
zation (19, 24). It is notable, however, that this interaction was
not consistently seen in all cells and was independent of im-
munoreceptor engagement. Furthermore, even though Clnk
does not bind Vav, Nck, or GADS, it possesses sites of tyrosine
phosphorylation and proline-rich regions that presumably me-
diate associations with other SH2 domain- or SH3 domain-
containing molecules (3). Notwithstanding these alternative
associations, the interaction with HPK-1 appears pivotal for
the ability of Clnk to promote immunoreceptor signaling. This
notion is supported by the observation that expression of a
kinase-defective version of HPK-1 caused a significant reduc-
tion in the capacity of Clnk to enhance IL-2 promoter activa-
tion in Jurkat T cells.

Intriguingly, expression of Clnk was able to augment the
extent of tyrosine phosphorylation of HPK-1 in Cos-1 cells.
Similar findings were made with a T-cell line engineered to
overexpress Clnk in a stable manner (our unpublished results).
One possible interpretation for these findings is that binding of

the SH2 domain of Clnk to one or more sites of tyrosine
phosphorylation on HPK-1 protected these sites from the ac-
tion of protein tyrosine phosphatases. A similar situation has
been documented for other SH2 domains (35, 40). Alterna-
tively, Clnk might allow the recruitment of PTKs capable
of phosphorylating HPK-1 on additional tyrosine residues.
This “processive” phosphorylation could permit the binding
of HPK-1 to other SH2 domain-containing molecules. Al-
though the site(s) and the function(s) of HPK-1 tyrosine phos-
phorylation are not identified, the ability of Clnk to promote
HPK-1 tyrosine phosphorylation could represent an additional
mechanism by which it regulates the function of HPK-1 in
immunoreceptor signaling.

Both the in vitro binding studies and the yeast two-hybrid
screen indicated that the SH2 domain of Clnk was likely in-
volved in mediating the interaction with HPK-1. This domain
probably recognizes sites of tyrosine phosphorylation on
HPK-1. Nevertheless, it should be pointed out that deletion of
the Clnk SH2 domain caused only a partial (;75%) reduction
in the ability of Clnk to bind HPK-1 in Cos-1 cells (our un-
published results). Thus, it is probable that additional se-
quences participated in the Clnk–HPK-1 interaction. The ex-
istence of at least two points of contact between Clnk and
HPK-1 may help secure their association in activated hemo-
poietic cells. Experiments are currently under way to define
precisely the mechanism of association between Clnk and
HPK-1.

Typically, hemopoietic cells expressing Clnk, like cytokine-
stimulated T cells, NK cells, mast cells, and myeloid cells, also
contain SLP-76. On this basis, it would appear unlikely that the
purposes of Clnk and SLP-76 in these cells are identical. The
differential abilities of these two molecules to bind cellular
partners offers further support for this idea. Surprisingly, how-
ever, we found that Clnk was capable of restoring antigen
receptor-induced transcriptional events in a Jurkat T-cell vari-
ant lacking SLP-76, in a manner analogous to that of SLP-76.
These seemingly contradictory observations could be recon-
ciled by proposing that Clnk and SLP-76 can enhance immu-
noreceptor signaling in similar ways but by using distinct sets of
partners. Some of the requirements for immunoreceptor sig-
naling (such as the formation of proper SLP-76–GADS–LAT
complexes in T cells) may be alleviated in the presence of Clnk.
Hence, the presence of Clnk in cytokine-stimulated cells may
serve to facilitate cell activation. In T cells, this property could
translate into diminished requirements for engagement of co-
receptors (CD4 and CD8) and costimulatory molecules (like
CD28), as has been described for memory cells (21). In a
related manner, Clnk could regulate mast cell reactivity and
lymphokine-activated natural killing. These possibilities de-
serve consideration.

In summary, our data show that the SLP-76-related adaptor
molecule Clnk physically and functionally interacts with
HPK-1 in immunoreceptor-activated hemopoietic cells. They
also indicate that Clnk has the capacity to substitute at least
partially for SLP-76 during immunoreceptor signaling, even
though it binds to a distinct set of partners. In light of these
findings, a formal evaluation of the role of Clnk in hemopoietic
cell functions and homeostasis through the creation of Clnk-
deficient mice seems warranted.
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